To minimize irreversible brain injury after acute ischemic stroke (AIS), the time to treatment (i.e., treatment delay) should be minimized. However, thus far, all cytoprotective clinical trials have failed. Analysis of literature identified short treatment durations (≤72 h) as a common motif among completed cytoprotective clinical trials. Here, we argue that short cytoprotective regimens even if given early after AIS may only slow down the evolution of ischemic brain injury and fail to deliver sustained long-term solutions leading to relapses that may be misinterpreted for conceptual failure of cytoprotection. In this randomized blinded study, we used young adult male rats subjected to transient 90 min suture middle cerebral artery occlusion (MCAO) and treated with acute vs. sub-chronic regimens of PNU120596, a prototypical positive allosteric modulator of α7 nicotinic acetylcholine receptors with anti-inflammatory cytoprotective properties to test the hypothesis that insufficient treatment durations may reduce therapeutic benefits of otherwise efficacious cytoprotectants after AIS. A single acute treatment 90 min after MCAO significantly reduced brain injury and neurological deficits 24 h later, but these effects vanished 72 h after MCAO. These relapses were avoided by utilizing sub-chronic treatments. Thus, extending treatment duration augments therapeutic efficacy of PNU120596 after MCAO. Furthermore, subchronic treatments could offset the negative effects of prolonged treatment delays in cases where the acute treatment window after MCAO was left unexploited. We conclude that a combination of short treatment delays and prolonged treatment durations may be required to maximize therapeutic effects of PNU120596, reduce relapses and ensure sustained therapeutic efficacy after AIS. Similar concepts may hold for other cytoprotectants including those that failed in clinical trials.
Introduction
Despite multiple failures in pre-clinical and clinical trials, cytoprotection remains a promising approach to treatment of acute ischemic stroke (AIS) [1] [2] [3] [4] . The impact of clinically effective cytoprotectants cannot be overestimated as cytoprotectants may be effective in both ischemic and hemorrhagic strokes and thus, functional imaging is not required prior to cytoprotective therapies considerably reducing time to treatment initiation. Furthermore, intranasal route of administration of safe cytoprotectants does not require medical training and can be performed by stroke patients or friends and family members immediately after the onset of AIS symptoms [5] . Thus, cytoprotectants may serve as both a first-aid therapeutic bridge to intra-arterial interventions (e.g., thrombolysis, thrombectomy) and a monotherapy. A potent and safe cytoprotectant could considerably elevate the success rate of thrombolysis and/or thrombectomy providing a tremendous benefit to stroke patients. There is also not a rational basis to expect that cytoprotection is incompatible with rehabilitation treatments (e.g., targeted plasticity [6] and neurogenesis [7, 8] ).
The α7 nicotinic acetylcholine receptors (nAChR) is uniquely positioned as a therapeutic target in stroke due to its anti-inflammatory cytoprotective action resulting from its activation and ubiquitous expression in neuronal and glial/immune cells [9] [10] [11] [12] [13] . To date, selective positive allosteric modulators (referred to hereafter as PAMs) of α7 nAChRs have not been tested as cytoprotective stroke therapies in clinical trials. However, the results of pre-clinical studies hold significant promise [5, 10, [13] [14] [15] [16] [17] [18] [19] . Activation of α7 nAChRs is required for activation of certain endogenous central and peripheral anti-inflammatory cytoprotective mechanisms including the cholinergic antiinflammatory pathway [20] [21] [22] . The therapeutic efficacy of these envagus nerve stimulation [23, 25] and a strong case for further testing according to the mission of the US National Institutes of Health and the Stroke Treatment Academic Industry Roundtable (STAIR) guidelines [26] [27] [28] . Ongoing pre-clinical trials in young adult and aged male/female rodents indicate that PAMs generate significant therapeutic benefits by reducing neurological deficits and brain injury after focal ischemia specifically, in a transient 90 min suture middle cerebral artery occlusion (MCAO) model of AIS [5, [14] [15] [16] [17] . By inhibiting receptor desensitization, PAMs prolong activation of α7 nAChRs by endogenous agonists (i.e., ACh, released by the vagus nerve in response to inflammation; and choline, released by injured brain tissue near the time and site of injury as a result of breakdown of phosphatidylcholine) creating significant therapeutic benefits after ischemic [5, 14, 15] and traumatic brain injuries [9, 13] . Activation of both central and peripheral anti-inflammatory cytoprotective α7-dependent pathways have been proposed [12, 22, 23, 29] as contributing mechanisms responsible for therapeutic efficacy of PAMs and the involvement of JAK2/CaMKIIdependent intracellular pathway has been evident [5, 12, 23, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
PAMs can be Type I or II [24, 40] . Both types potentiate α7 nAChRs, but only Type II PAMs (referred to here as PAMs) can reactivate predesensitized α7 nAChRs allowing persistent α7 activation to extend therapeutic efficacy. PAMs are inactive without α7 agonists [41] and thus, the challenge of therapeutic targeting is naturally resolved as a systemically applied PAM is expected to be relatively homogenously distributed throughout the body by circulation, but its therapeutic effect would take place only in target sites with elevated ACh [24, 25] and/or choline [42, 43] after AIS: i.e., in the ischemic penumbra and central/peripheral inflammatory sites where and when it is most needed [10, 23] , to elicit a high spatiotemporal precision of PAMs, contrasting PAMs from α7 agonists that activate α7 nAChRs indiscriminately.
In our previous studies, we used PNU120596 (i.e., PNU), a prototypical PAM developed by Pfizer [44] with anti-inflammatory cytoprotective properties linked to pharmacological vagus nerve stimulation [13, 23, 25, 29] to demonstrate its therapeutic utility after MCAO [5, 14, 15] . In these studies, a single acute PNU treatment significantly reduced neurological deficits and brain injury measured 24 h after MCAO even if the time to treatment was delayed by 6 h after MCAO [14] . However, only acute PNU therapy was tested in the past. The possibility of post-treatment relapses, the impact of treatment duration and the early-phase evolution of neurological deficits, ischemic injury and therapeutic benefits of acute vs. sub-chronic PNU treatments have not been previously evaluated.
In AIS, the time to treatment (i.e., treatment delay) should be kept to a minimum to minimize irreversible brain injury. The FAST-Mag study demonstrated that intravenous (i.v.) medications could be successfully delivered by ambulance personnel in ∼73% of AIS within 1 h and ∼99% within 2 h of onset [45] . Thus, cytoprotectants may serve as both a therapeutic bridge to intra-arterial interventions and a monotherapy. However, all previous cytoprotective clinical trials for stroke have failed [46] [47] [48] . Analysis of literature indicates that short (< 72 h) treatment regimens were a common motif in most completed cytoprotective clinical trials for ischemic stroke [46] [47] [48] [49] [50] . Short treatment delays (6-48 h after the stroke onset) were utilized in both acute (≤24 h) and sub-chronic (≤72 h) regimens (Table 1) . Here we reason that insufficient treatment durations may leave AIS patients undertreated because an early therapy may alleviate only the primary ischemic injury which occurs in the first 24 h after stroke. By contrast, the secondary injury linked to activation of the immune system and elevated inflammation develops slowly over several days after stroke and may not be effectively counteracted by acute cytoprotective therapies. Severe adverse effects and toxicity of long-term exposures to NMDAR antagonists may have been possible reasons for skepticism in the past and why chronic cytoprotectants may have been generally avoided [51, 52] . However, the therapeutic machineries of NMDARs and α7 nAChRs are not only different, but in many ways antipodal [40] : cytotoxicity is often linked to excessive activation of NMDARs, while cytoprotection is linked to augmented activation of α7 nAChRs. Importantly, activation of α7 nAChRs inhibits immune responses and serves as a potent central and peripheral anti-inflammatory mechanism [11, 12, 23, 24, 29] .
This fully randomized blinded pilot study was driven by an idea that insufficient treatment durations may reduce therapeutic benefits of an otherwise efficacious cytoprotective therapy after AIS. To test for this possibility, we used a transient MCAO model of ischemic stroke and PNU to compare acute vs. sub-chronic treatment paradigms. We hypothesized that extending treatment duration extends therapeutic efficacy of PNU after MCAO. The results of this study supported this hypothesis. Furthermore, sub-chronic PNU treatments also effectively offset the negative effects of prolonged treatment delays. We conclude that a combination of short treatment delays and prolonged treatment durations may be required to maximize therapeutic effects of PNU, reduce relapses and ensure sustained therapeutic efficacy after AIS. Similar concepts may hold for other anti-inflammatory cytoprotectants including those that failed in clinical trials.
Materials and methods

Animals
Young adult male Sprague Dawley (SD) rats (∼280 g) were purchased from Envigo (Somerset, NJ) and used in accordance with the Guide for the Care and Use of Laboratory Animals (NIH 865-23, Bethesda, MD). All experimental protocols complied with the ARRIVE guidelines and were approved by the University of North Texas Health Science Center (UNTHSC) Institutional Animal Care and Use Table 1 Examples of treatment durations and delays in random cytoprotective clinical trials. Treatment duration is largely ignored in cytoprotective strategies [46] [47] [48] . We argue that both short treatment delays and prolonged treatment durations may be required to maximize sustained therapeutic efficacy after AIS as this study concludes for PNU120596, a prototypical PAM of α7 nAChRs. *) The longest treatment durations by agents stabilizing cellular membranes: citicoline (6 wks) [116] and piracetam (8 wks) [118] [119] [120] [121] . [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] Committee. Animals were allowed to accommodate for at least 5 days after arrival to UNTHSC before any procedures were done. A total of 78 animals were used in experiments to test the effects of PNU in acute and subchronic treatment paradigms after tMCAO. A retrospective analysis ( Fig. 6 ) was done using existing data already collected from 40 animals in this and our previous studies. Additional animals were not used for Fig. 6 .
Anesthesia
Isoflurane (4% induction; 1.8% maintenance) was purchased from Henry Schein Animal Health (Dublin, OH) and used to induce and maintain deep anesthesia during all surgical manipulations and drug/ vehicle injections. Isoflurane was delivered by a mask as a gaseous mixture with 70% N 2 O +30% O 2 . Animals were maintained under spontaneous ventilation and subjected to identical procedures. Blood electrolytes, glucose, gases, pH, cardiorespiratory and other physiological parameters were not monitored. The animal body temperature during anesthesia was measured by rectal thermometer and maintained at 37℃ using a heating pad. Anesthesia duration was kept at 20 min for all animals to minimize neuroprotective effects of isoflurane as we reported [53] . Animals requiring longer anesthesia durations were discarded.
Transient 90 min suture middle cerebral artery occlusion (MCAO)
Our approach was to induce reliable reproducible focal ischemia and ischemic injury by conducting MCAO surgeries within a narrow window of experimental parameters including animal weight (280 ± 10 g) and source (only Envigo), accommodation window (5-7 days after arrival and prior to MCAO surgery), anesthesia duration (20 min), sedation duration for reperfusion (5 min), isoflurane dose (4% induction +1.8% maintenance), room temperature (24℃) [53, 54] . Experiments were not continued if experimental parameters fell outside of the specified range. The MCAO procedures and effective surgical parameters were established and confirmed by Laser Doppler measurements of regional cerebral blood flow (rCBF) as we reported [53] . These parameters were kept constant in all experiments to ensure reliable reproducible focal MCAO and infarct volumes as confirmed by intermittent rCBF measurements. To initiate MCAO, a 4-0 monofilament nylon suture (Doccol Corporation, Sharon, MA) was used to advance from bifurcation of carotid artery toward MCA (i.e., 19-mm).
After induction of anesthesia, the depth of anesthesia was confirmed by a lack of the paw pinch reflex and a midline incision in the neck was made to expose and permanently ligate the left common carotid artery (CCA), the external carotid artery and the occipital artery. A 4-0 monofilament nylon suture (19-mm) was then inserted from the CCA into the left internal carotid artery to occlude the origin of the left MCA. Rats were allowed to recover from anesthesia in a warm cage for the rest of MCAO. After 90 min of MCAO, the animals were briefly sedated with isoflurane (4% induction + 1.8% maintenance for 5 min), the suture was removed for reperfusion and the wound was closed.
Measurements of infarct volume
Immediately prior to euthanasia by decapitation 24-72 h after MCAO, animals were anesthetized for < 1 min with the same anesthetic mixture used for surgical anesthesia and the brains were quickly removed and dissected into coronal sections (2-mm thickness) using a brain matrix. The brain sections were then immersed in 2% 2,3,5-triphenyltetrazolium chloride (TTC) in saline for 20 min at room temperature and images of ischemic infarcts were taken using a low resolution Olympus microscope. Infarct volumes were calculated as a percentage of the contralateral slice volume to account for ipsilateral edema as we previously published [5, 53] . The infarct and contralateral brain section areas were measured using Image J. Infarct volumes were calculated as products of infarct areas by the section thickness. To reduce the effect of post-ischemic edema, infarct area (IA) was measured as a % of the total brain section area calculated as the total contralateral brain section area (TCA) minus the non-infarcted ipsilateral brain section area (NIIA) divided by the TCA: IA = 100% x (TCA-NIIA)/TCA.
Neurobehavioral testing
Neurobehavioral tests were done immediately prior to s.c. injections and 15 min prior to euthanasia as shown in Fig. 1. 
Bederson test
Neurological deficits were evaluated using a four-level scale: 0, normal; 1, forelimb flexion; 2, decreased resistance to lateral push; and 3, circling.
Cylinder test
The use of forelimb was analyzed by observing the animal's movements over 3-min intervals in a transparent, 18-cm-wide, 30-cm-high poly-methyl-methacrylate cylinder. Forelimb movements of animals were observed from top. After an episode of rearing and wall exploration, forelimb placing on the cylinder wall was scored. The number of independent forelimb placements observed for the right forelimb, left forelimb and both forelimbs simultaneously were recorded. A total of 20 forelimb placements were recorded per animal. Stroked animals displayed an asymmetrical use of forelimbs during the cylinder wall exploration. The % use of impaired forelimb (i.e., right, which is contralateral) was calculated as: 100% x (RL +½ BL)/TL, where RL is the number of placements of the right/contralateral forelimb; BL is the number of simultaneous placements of the right (contralateral) and the left (ipsilateral) forelimbs; and TL is the total number of forelimb placement.
Drugs
PNU120596 was purchased from Selleckchem (Houston, TX) and dissolved in dimethyl sulfoxide (DMSO; vehicle) to create a stock solution (10-80 mM) that was kept frozen at -30℃ until the day of experiments. PNU120596 was administered at doses found effective in our previous studies where only single acute treatments were used [5, 9, 14, 15] . The main goal of this study is to determine therapeutic utility of sub-chronic PNU120596 treatments. The amount of DMSO injected in each animal did not exceed 0.5 ml/kg. I.V. injections were given via a tail vein while s.c. injections were given in the animal back or thighs.
Acute and sub-chronic combined vs. delayed treatments
In the study, each animal was subjected to either combined (i.v. +s.c.1-4 injections) or delayed (only s.c.1-4 injections) PNU treatments ( Fig. 1 ): 1) i.v. (2.3 mg/kg) immediately prior to reperfusion; i.e. 90 min after MCAO onset; 2) s.c.1 (11.1 mg/kg) 5 h after i.v. injection; 3) s.c.2 (5.5 mg/kg) 24 h after MCAO onset; 4) s.c.3 (5.5 mg/kg) 48 h after MCAO onset. In this paradigm, the loading i.v. dose was increased ∼2-fold from that used in our previous studies where behavioral and histological measurements were done 24 h after MCAO [14, 15] . The loading i.v. dose (2.3 mg/kg) was ∼50% of the maintenance s.c.2-3 doses (i.e., 5.5 mg/kg) to arrest the ischemic insult. The maintenance doses were lower to reduce circulating exposures to PNU as the safetyexposure-efficacy relationship is not known.
Research rigor
In this study, all experiments and analysis were conducted by an experimenter blinded to experimental conditions and treatments.
Animals were randomly assigned to groups and treatments. Anesthesia duration was kept constant at 20 min across animals to minimize cytoprotective effects of isoflurane as we reported [53] . Animals that required longer anesthesia durations were discarded.
Statistical Analysis
For statistical analysis of data, Prism 6.02 (GraphPad Software Inc., La Jolla, CA) and SYSTAT 13.00.05 (Systat Software Inc., San Jose, CA) were used. Differences between groups were tested for statistical significance using a non-parametric unpaired two-tailed Mann-Whitney U test The sample size n = 6 was predicted from analysis of the statistical power (G*Power 1.3.9.2, Duesseldorf, Germany) using the effect size and data from our recent study of the effects of PNU after MCAO [5] : the sample size n = 6 yields 1-β > 0.8 (p = 0.05). In experiments where pilot data were available (n=3 per group), these data were included in the analysis increasing the sample size to n=9. A total of three animals did not survive the study: one control animal and one treated animal did not survive the combined therapy and one control animal did not survive the delayed therapy. One animal treated by the combined therapy refused to make contacts with the cylinder wall after day 1 and was excluded from behavioral analysis on days 2-3. This animal was still used in histological TTC analysis. One outlier was identified by the ROUT method (Q=1%) in the data pool collected on day 1 after the combined therapy. However, the statistical significance was achieved both in the presence or absence of this outlier. The results of experiments were presented as mean ± S.E.M. The threshold for statistical significance (the p-value) was set at 0.05.
Results
In this fully randomized blinded pilot study, we use combined and delayed ( Fig. 1 ; see Materials and Methods) sub-chronic PNU treatments after MCAO in young adult male rats. The combined therapy was defined as a single i.v. injection followed by multiple sub-chronic s.c. injections as illustrated in Fig. 1A . In the delayed therapy, i.v. injection was omitted, but sub-chronic s.c. injections remained as illustrated in Fig. 1B . I.V. injections modeled first-aid therapy at home or in the ambulance, while multiple sub-chronic s.c. injections modeled a drip infusion in the hospital. Throughout the study, the term "after MCAO" was referred to the time after MCAO onset.
Evolution of ischemic brain injury in the first 72 h after MCAO
To evaluate the evolution of ischemic infarcts in the first 72 h after focal ischemia, young adult male rats were subjected to a 90 min MCAO and euthanized for histological TTC staining at various time points after MCAO: i.e., 2.5, 12, 24 and 72 h. The results of these tests are illustrated in Fig. 2 . The infarct volume at 2.5 h after MCAO (i.e., 1 h after reperfusion) was minimal (0.6 ± 0.6%, n = 3) despite the deficient Bederson's score (3 ± 0, n = 3). The infarct volume increased to 25.9 ± 1.7% (n = 3) 12 h after MCAO (Bederson's score = 3 ± 0, n = 3) and further increased to 53.2 ± 0.6% (n = 4) 24 h after MCAO (Bederson's score = 3 ± 0, n = 4) before saturating at 57.5 ± 2.9% (n = 8) 72 h after MCAO (Bederson's score = 3 ± 0, n = 8). These data are consistent with previous analyses where infarct volume in mice was found to mature between 24 h and 72 h after MCAO [55] . Note that some animals used for histological analysis at 72 h after MCAO were also used as controls in various treatment experiments and thus, were injected with vehicle according to the time line of combined therapy illustrated in Fig. 1A . Animals used for histological analysis at 2.5, 12 and 24 h after MCAO were not injected with any solutions. All animals exhibited deficient performance in Bederson's tests (score = 3) regardless of the time window between MCAO and TTC staining suggesting that TTC assays are insufficiently sensitive for reliable detection of the early stages of neuronal injury and death (e.g., < 12 h after Fig. 2 . Evolution of ischemic injury without treatment. Young adult male rats were used to build the time course of ischemic brain injury after MCAO in the absence of treatment: red circles. Brains were collected for TTC analysis at different time points after the onset of MCAO (in h): 2.5, 12, 24 and 72. Representative brain sections corresponding to specific time points after MCAO are illustrated in frame inserts. The following data points are illustrated (time, mean infarct volume ± SEM; # of animals): (2.5, 0.6 ± 0.6; n = 3), (12, 25.9 ± 1.7; n = 3), (24, 53.2 ± 0.6; n = 4), (72, 57.5 ± 2.9; n = 8). Some animals used for histological analysis at 72 h after MCAO were also used as controls in various treatment experiments and thus, were injected with vehicle according to the time line of combined therapy illustrated in Fig. 1A . Animals used for histological analysis at 2.5, 12 and 24 h after MCAO were not injected with any solutions. MCAO) as compared to the Bederson's test. By contrast, the cylinder test could not be used for evaluation of neurological deficits in the first 24 h after MCAO due to the limited kinesis of stroked animals during the first 24 h of post-surgical recovery. These data indicate that brain injury matures around 24 h after MCAO and thus, a 24 h delay was accepted as the earliest time point for behavioral tests and analysis. As a result, the cylinder tests were conducted daily at 24, 48 and 72 h after MCAO.
Time course of cytoprotective effects of PNU in the first 72 h after MCAO
In this fully randomized blinded experiment, young adult male SD rats were subjected to a 90 min MCAO and randomly assigned to two groups (n = 9 each): PNU-treated (a single i.v. injection of 2.3 mg/kg PNU was delivered immediately after reperfusion; i.e., 90 min after MCAO onset) and vehicle-treated (i.e., control; the matching amount of vehicle was injected i.v. at the matching time point). The experimenter was blinded to treatment and used encoded vials with transparent solutions. The results of this experiment are shown in Fig. 3 . In this experiment, infarct volumes were not determined 24 h after MCAO because daily behavioral tests were conducted until 72 h after MCAO. PNU injected on day 0 significantly reduced neurological deficits 24 h after MCAO/treatment (i.e., day 1) in animals treated with PNU as compared to control animals treated with vehicle as evidenced by animal performance in the cylinder test (p = 0.0211, n = 9; MannWhitney, unpaired, two-tailed; Fig. 3A ) and expected from our previous published reports [5, 14, 15] . However, therapeutic benefits of a single acute i.v. PNU treatment declined 24 h later (i.e., 48 h after MCAO/ treatment) and vanished completely 48 h later (i.e., 72 h after MCAO/ treatment) (i.e., day 3). Thus, on day 3, both PNU-treated and control animals demonstrated an equally poor performance in the cylinder test (p = 0.8878, n = 7-8; Mann-Whitney, unpaired, two-tailed; Fig. 3B ). The performance of PNU-treated animals in the cylinder test declined as a function of time after treatment (Fig. 3C) , while control animals exhibited a relatively stable poor performance throughout the entire 72 h time window of experiment (Fig. 3D) . The analysis of infarct volumes on day 3 (Fig. 3E,F) supported behavioral data and showed a lack of statistical significance between PNU-treated and control groups: p = 0.7768, n = 8; Mann-Whitney, unpaired, two-tailed; Fig. 3E ,F. One outlier was identified by the ROUT method (Q = 1%) in the data pool collected on day 1 (arrowhead; Fig. 3A ). Removing this outlier further strengthened statistical significance (p = 0.0091, n = 8; MannWhitney, unpaired, two-tailed; not shown) and our conclusions. One control animal did not survive past day 1. One treated animal did not survive past day 2. One treated animal refused to make contacts with the cylinder wall after day 1 and was excluded from behavioral analysis on days 2-3. This animal was still used in histological TTC analysis. All available data are presented in Fig. 3A ,B. However, because multiple control and treated animals generated identical data points, these data cannot be uniquely identified from Fig. 3C ,D. Taken together, these results demonstrate the intrinsic limitation of a single PNU treatment even if it is administered in the acute phase of stroke (e.g., < 90 min after MCAO). These results suggest that multiple sub-chronic treatments may be necessary to generate sustained therapeutic efficacy of PNU after AIS. This hypothesis was tested in the next set of experiments where multiple s.c. PNU injections were done daily for 72 h in the presence (i.e., combined therapy) or absence (i.e., delayed therapy) of acute i.v. PNU injection. Fig. 3 . Time course of cytoprotective effects of a single acute i.v. PNU treatment. In this fully randomized blinded experiment, a single i.v. injection of 2.3 mg/kg PNU or vehicle was delivered immediately prior to reperfusion (i.e., 90 min after MCAO onset; day 0) to determine the time course of therapeutic effects of PNU. As expected from our previous reports [5, 14, 15] , PNU significantly reduced neurological deficits vs. vehicle as evidenced by the cylinder test conducted 24 h after treatment (day 1; A). These protective effects declined in the following 48 h and eventually, vanished completely 72 h after treatment (day 3; B) . The cylinder test was given to each animal daily and the time courses of PNU-induced benefits (C) vs. control baseline (D) were determined. The analysis of infarct volumes on day 3 (E-F) supported behavioral data showing a lack of statistical significance (Mann-Whitney, twotailed) between treated and control groups on day 3 (p = 0.8878, n = 7-8; B; and p = 0.7768, n = 8; E-F), but not day 1 (p = 0.0211, n = 9; A). One control and one treated animals did not survive. One treated animal refused to make contacts with the cylinder wall after day 1. This animal contributed only to infarct volume data, not behavioral data. These factors are reflected in group sample sizes. One outlier was identified by the ROUT method (Q = 1%) in the data pool collected on day 1 (arrowhead; A). Removing this outlier further strengthened statistical significance (p = 0.0091, n = 8; not shown) and our conclusions. Arrows indicate data points corresponding to data illustrated in E.
Therapeutic efficacy of the combined sub-chronic PNU therapy 72 h after MCAO
In this fully randomized blinded experiment, we determined the therapeutic efficacy of PNU using the combined sub-chronic paradigm as illustrated in Fig. 1A . Young adult male SD rats were subjected to a 90 min MCAO and randomly assigned to two groups (n = 9 each): PNUtreated (a single i.v. 2.3 mg/kg PNU injection was given immediately after reperfusion, i.e., 90 min after the onset of MCAO; followed by daily s.c. PNU injections as illustrated in Fig. 1A (Fig. 3 ) to 72 h (Fig. 4) indicating that a continuous exposure to PNU may be required for sustained therapeutic efficacy. This result is consistent with our previous data demonstrating that pre-conditioning with s.c. PNU 24 h prior to MCAO was not effective after MCAO [15] likely due to a relatively short half-life of PNU (∼8 h; i.v. PNU) [56] . Fig. 4 . Therapeutic efficacy of the combined sub-chronic PNU treatment. In this fully randomized blinded experiment, a single i.v. injection of 2.3 mg/kg PNU or vehicle was delivered immediately prior to reperfusion (i.e., 90 min after MCAO onset; day 0) followed by multiple daily s.c. PNU injections (s.c.1: 11.1 mg/kg; s.c.2-3: 5.5 mg/kg) to determine the time course of therapeutic effects elicited by the combined subchronic PNU regimen (Fig. 1A) . The animal performance in Bederson and cylinder tests was tested 72 h after MCAO immediately prior to euthanasia and brains were collected for infarct volume analysis. The combined (i.v.+s.c.) sub-chronic PNU treatment significantly reduced neurological deficits (cylinder test: p = 0.0003, n = 8; A; and Bederson: p = 0.0014, n = 8; B) and infarct volume (p = 0.0011, n = 8; C-D) 72 h after MCAO (Mann-Whitney, two-tailed). Arrows indicate data points corresponding to data illustrated in C. Fig. 5 . Therapeutic efficacy of the delayed sub-chronic PNU treatment. In this fully randomized blinded experiment, the initial i.v. injection immediately prior to reperfusion (i.e., 90 min after MCAO onset; day 0) was omitted (Fig. 1B) . The remaining multiple daily s.c. PNU injections (s.c.1: 11.1 mg/ kg; s.c.2-3: 5.5 mg/kg) were identical to those used in the combined PNU injection regimen (Fig. 1A) to determine the time course of therapeutic effects elicited by the delayed subchronic PNU regimen (Fig. 1B) . Accordingly, the first s.c. PNU injection (s.c.1; Fig. 1B ) was done 6.5 h after MCAO onset (i.e., 5 h after reperfusion) followed by s.c.2-3 injections 24 h and 48 h later, respectively. The animal performance in Bederson and cylinder tests was tested 72 h after MCAO immediately prior to euthanasia and brains were collected for infarct volume analysis. The delayed (s.c. only) sub-chronic PNU treatment significantly reduced neurological deficits (cylinder test: p = 0.0043, n = 5-6; A; and Bederson: p = 0.0122, n = 5-6; B) and infarct volume (p = 0.0043, n = 5-6; C-D) 72 h after MCAO (Mann-Whitney, two-tailed). Arrows indicate data points corresponding to data illustrated in C.
Therapeutic efficacy of the delayed sub-chronic PNU therapy 72 h after MCAO
In this fully randomized blinded experiment, we determined the therapeutic efficacy of PNU using the delayed sub-chronic paradigm as illustrated in Fig. 1B . Young adult male SD rats were subjected to a 90 min MCAO and randomly assigned to two groups (n = 6 each): PNUtreated (daily s.c. PNU injections as illustrated in Fig. 1B ; s.c.1: 11 mg/ kg; s.c.2-3: 5.5 mg/kg) and the matching amounts of vehicle injected similarly at the matching time points as controls. Accordingly, the first s.c. PNU injection (s.c.1; Fig. 1B ) was done 6.5 h after MCAO onset (i.e., 5 h after reperfusion) followed by s.c.2-3 injections 24 h and 48 h later, respectively. Behavioral tests were conducted 72 h after MCAO immediately prior to euthanasia. The results of this experiment are shown in These results demonstrate that the acute i.v. PNU treatment is not required for therapeutic efficacy of PNU after MCAO as long as sub-chronic PNU regimens are implemented. Thus, the combined and delayed PNU regimens appear to deliver similar therapeutic efficacies and the subchronic treatment paradigm may be used in cases where the acute treatment window (< 6 h) after MCAO has been unexploited.
Significant correlation between behavioral and histological data
Our results suggest significant correlation between behavioral (cylinder test) and histological (TTC staining) data measured 72 h after MCAO (Figs. 4 and 5) . To determine whether the cylinder test can be used to predict evolution of brain injury and PAM treatment, we conducted a retrospective analysis of experimental data obtained from 40 young adult male rats treated with PNU or vehicle for 72 h after MCAO. This analysis indeed determined significant correlation (r=-0.8373, p < 0.0001, 95% CI: -0.9128 to -0.7066, n = 40) between animal performance in the cylinder test and infarct volume 72 h after MCAO (Fig. 6) . In this analysis, data from both combined (i.v.+s.c.; Figs. 1A and 4) and delayed (s.c only; Figs. 1B and 5) treatment paradigms were pooled together. Significant correlations were also detected if data from PNU and vehicle treatments were analyzed separately (PNU: r = −0.8093, p = 0.0006, 95% CI: −0.9395 to −0.4750, n = 14; and vehicle: r = −0.4982, p = 0.0096, 95% CI: 0.7478 to −0.1254, n = 26). These results present the cylinder test as a tool for predicting infarct volume 72 h after MCAO and may be used to evaluate the evolution of ischemic injury and PNU therapy in the absence of functional imaging.
Long-lasting therapeutic effects of short sub-chronic PNU treatments
To test the hypothesis that short sub-chronic PNU treatments can produce long-lasting therapeutic effects and reduce relapses, young adult male rats were subjected to tMCAO, randomly assigned to two groups (treatment vs. control; n = 6 each) and subjected to a combined sub-chronic treatment paradigm for 72 h (Fig. 1A) utilizing either PNU (treatment group) or vehicle (control group). All experiments and analyses were conducted by a researcher blinded to group assignment. The effect of PNU treatment was evaluated by a cylinder test 3-4 times weekly for up to 30 days after MCAO. The results of this experiment are shown in Fig. 7 . Based on the animal performance, 4 distinct groups of effects were identified (Fig. 7A,B Fig. 7B ). Data points within groups 1 and 3-4 were averaged for statistical analysis to evaluate the effects of treatment and time factors after MCAO and interactions across treatment and time factors using a repeated measures two-way ANOVA (Fig. 7C,D) . Several animals were also subjected to a cylinder test immediately prior to MCAO. These data points were illustrated as black and bold symbols on the Y-axis corresponding to day 0; Fig. 7 ). Since only a small subset of animals was subjected to a cylinder test before tMCAO, these data points were presented for illustration purpose only and were not averaged or analyzed for statistical significance.
The statistical analysis revealed significant main effects for the factors of PNU treatment [F(2,9) = 36.27; p < 0.0001] and time after MCAO [F(13,117) = 5.421; p < 0.0001] and indicated significant interaction of PNU treatment vs. time after tMCAO [F(26,117) = 13.77; p < 0.0001]. The corresponding post-test multiple comparisons tests (Tukey) detected significant differences across PNU-and vehicletreated data points spanning over 24 days of experiments despite the slow spontaneous recovery observed in five out of six control animals (Fig. 7C ). This spontaneous recovery was nearly complete by days 29-30 rendering differences between PNU-and vehicle-treated groups insignificant (p > 0.05). Data between days 25 and 28 were not collected. These results indicate that a short 4-injection PNU treatment spanning over the first 72 h after tMCAO produces significant therapeutic effects that last for days after the end of treatment. Relapses in the treatment group suggest insufficient efficacy which may be remedied by increased treatment duration, administration frequency and/or PNU dose. Relapses may also indicate adverse effects of a rapid PNU withdrawal.
Discussion
Legitimate concerns regarding the conceptual validity of cytoprotection as an approach to stroke therapy have been raised in the past reflecting numerous failures in cytoprotective clinical trials [3, [46] [47] [48] . However, analysis of stroke literature indicated that short treatment durations (< 72 h) were a common motif among most cytoprotective clinical trials ( Table 1 ) [46] [47] [48] [49] [50] . Insufficient treatment duration may reduce therapeutic efficacy of an otherwise efficacious cytoprotective therapy leaving patients undertreated leading to relapses that may be Fig. 6 . Correlation between behavioral and infarct parameters. A retrospective analysis of data from 40 young adult male rats treated with PNU or vehicle daily for 72 h after MCAO revealed significant correlation (r = −0.8373, p < 0.0001) between infarct volume and performance in the cylinder test 72 h post-MCAO. Significant correlation was also detected when PNU and vehicle data were analyzed separately (PNU: r = −0.8093, p = 0.0006, n = 14; and vehicle: r = −0.4982, p = 0.0096, n = 26). Thus, our primary and secondary parameters reliably and consistently describe injury after MCAO. misinterpreted for conceptual failures of cytoprotection. Extending treatment duration may extend therapeutic efficacy of treatments after AIS. While acute cytoprotective therapies may alleviate the primary brain injury after AIS, the secondary injury linked to activation of the immune system and elevated central/peripheral inflammation may not be effectively counteracted by only acute treatments as it develops slowly over several days after AIS. In that event, sub-chronic anti-inflammatory cytoprotective treatments may be required to ensure sustained long-term therapeutic efficacy.
In this study, we focus on endogenous α7 nAChR-dependent antiinflammatory cytoprotective mechanisms [9] [10] [11] [12] [13] 23, 24, 57, 58] that can be augmented by PNU, a prototypical PAM developed by Pfizer [44] . In our previous studies, we have identified PNU as a potent therapeutic agent with efficacy after focal ischemia [5, 14, 15, 29] and traumatic brain injury [9, 13] . We argued that PAMs may generate therapeutic benefits after ischemic and traumatic brain injury via multiple cytoprotective anti-inflammatory mechanisms of action including pharmacological vagus nerve stimulation [10, [23] [24] [25] . The rationale for the use of PAMs after stroke arises from: 1) ubiquitous expression of α7 nAChRs in neuronal [59] [60] [61] [62] [63] and glial/immune cells [18] [19] [20] [21] [64] [65] [66] [67] [68] [69] , where α7 activation supports neuronal resistance to ischemic injury [15, [70] [71] [72] [73] and inhibits central/peripheral immune responses [11, 12] ; and 2) antiinflammatory α7-dependent cholinergic tone [23] elevated by ischemia and inflammation which can be augmented by PAMs [9, [13] [14] [15] 19, 24, 54] . Thus, significant therapeutic benefits after stroke may be achieved by recruiting a single effector pathway (i.e., the α7 nAChR) that simultaneously activates multiple central/peripheral antiinflammatory cytoprotective pathways [23] .
This randomized blinded pilot study used a transient 90 min suture MCAO model of AIS in young adult male rats to determine the impact of treatment duration on therapeutic benefits of PNU [13, 23, 25, 29] . PNU was administered either as a single acute i.v. injection immediately after reperfusion (i.e., 90 min after the onset of MCAO) and/or as daily s.c. injections for 3 days to determine whether extending PNU treatment duration indeed extends its therapeutic efficacy after MCAO. Our results demonstrate the intrinsic limitation of a single PNU treatment (Fig. 3) even if it was administered during the early acute phase of stroke (i.e., immediately after reperfusion): therapeutic efficacy detected 24 h after acute PNU treatment completely vanished 72 h after MCAO suggesting that sub-chronic treatments may be necessary to generate sustained therapeutic efficacy of PNU after AIS. Indeed, this hypothesis was supported by experimental data: supplementing acute i.v. PNU treatment with daily s.c. PNU injections for 3 days prevented relapses at 72 h after MCAO (combined therapy; Figs. 1A and 4) . Thus, extending exposure to PNU may indeed extend its therapeutic efficacy and in fact, may be required for sustained long-term therapeutic benefits after AIS. Taken together these data suggest that to truly maximize therapeutic efficacy of PNU, a short treatment delay may need to be Fig. 7 . Long-term effects from short subchronic PNU treatments. Short sub-chronic PNU treatments may produce long-lasting therapeutic effects and reduce relapses. Young adult male rats were subjected to tMCAO, randomly assigned to two groups (treatment vs. control; n = 6 each) and subjected to a combined sub-chronic treatment paradigm for 72 h (Fig. 1A) utilizing either PNU (treatment group) or vehicle (control group). All experiments and analyses were conducted by a researcher blinded to group assignment. The effect of PNU treatment was evaluated by a cylinder test 3-4 times weekly for up to 30 days after MCAO. Based on the animal performance, 4 distinct groups of effects were iden- combined with a long treatment duration.
Interestingly, the efficacies of daily s.c. PNU injections in the absence (delayed therapy; Figs. 1B and 5) and presence (combined therapy; Figs. 1A and 4) of acute i.v. PNU treatment were very similar supporting our sub-hypothesis that sub-chronic PNU treatments may offset neurological deficits and brain injury resulted from a missed early treatment. These data also demonstrate that acute i.v. PNU treatment may not be required for sustained therapeutic efficacy of PNU as long as sub-chronic PNU regimens are implemented. Thus, the combined and delayed PNU regimens appear to deliver similar therapeutic efficacies and the sub-chronic treatment paradigm may be useful in cases where the acute treatment window (< 6 h) after MCAO was left unexploited.
At least three factors may contribute to relapses after acute PNU treatments: 1) The secondary injury slowly progressing for days after MCAO [55, 74, 75] ; 2) The relatively short (∼10 h) half-life time of PNU [56] ; and 3) The need for a continuous PNU exposure to achieve therapeutic effects [15] . There is a rational basis to expect that to achieve a sustained long-term therapeutic efficacy, treatment durations may need to be comparable to or greater than the duration of secondary injury after AIS. If the secondary injury which is linked to activation of the immune system and elevated central/peripheral inflammation extends well past the duration of acute treatment (e.g., i.v. PNU), these treatments may not be viewed as sufficient even if they are given at an early phase after AIS, as our data indicate (Fig. 3) . Similar concepts may hold for other anti-inflammatory cytoprotectants including those that failed in clinical trials [46] [47] [48] .
In the absence of functional imaging such as MRI, it is challenging to monitor the evolution of brain injury and treatment. One way to resolve this challenge is through monitoring of proven behavioral parameters significantly correlated with the level of brain injury. Fig. 6 justifies the use of a cylinder test as a measure of neurological function significantly correlated with infarct volume after tMCAO in young adult male rats. The fact that the same correlation function approximates both PNUand vehicle-treated data indicates that the cylinder test score most likely reflects injury, not treatment. Thus, the same linear correlation function obtained for higher PNU doses may be used to predict infarct volumes and/or scores of the cylinder tests for lower or even ineffective PNU doses and possibly other PAMs and neuroprotective agents.
Thus, we conclude that short PNU regimens may only slow down the evolution of ischemic brain injury without delivering sustained longer-term solutions leading to relapses that may be misinterpreted for conceptual failures of cytoprotection. By contrast, extending PNU exposure by daily sub-chronic s.c. PNU treatments extends therapeutic benefits as we have detected in our rat model of AIS. An illustration to this concept is shown in Fig. 8 , where data from this and our previously study [15] were used: evolution of brain injury in untreated rats ([this study]; red short-dashed line), rats treated only once (i.v. PNU 0.5 h after MCAO with ischemic infarcts analyzed 24 h after MCAO [15] and i.v. PNU 1.5 h after MCAO with ischemic infarcts analyzed 72 h after MCAO [this study]; blue long-dashed line) and rats subjected to a combined therapy (Fig. 1A) . These data present duration of PNU treatment as a key therapeutic factor required for sustained therapeutic efficacy.
Note, the discussed cholinergic PNU-based treatments are unrelated to citicoline-based therapy (i.e., cytidine-5′-diohosphocholine) that recently failed the International Citicoline Trial on Acute Stroke (ICTUS) [76] . Citicoline repairs cellular membranes and reduces free radicals by stimulating synthesis of phosphatydilcholine [76] . By contrast, PAMs augment therapeutic efficacy of endogenous α7 agonists after MCAO: injury-elevated choline [10, 14, 15] and inflammation-elevated ACh [11, 23] .
The mammalian neuro-immune axis [11] and innervation of immune-related sub-diaphragmatic organs (e.g., spleen, liver, gastrointestinal tract) by the efferent vagus nerve make electrical and pharmacological stimulation of the vagus nerve a promising treatment of septic [22, 77] and hemorrhagic [78, 79] shocks, ischemic [80] , hemorrhagic [81] and traumatic brain injuries [82] . VNS decreases production of pro-inflammatory cytokines and reduces inflammation [11, 77] . While positive modulation of α7 nAChRs by PNU are expected to be anti-inflammatory, both anti-apoptotic and anti-inflammatory mechanisms are likely to contribute to the observed effects of PNU after MCAO because of the ubiquitous expression of functional α7 nAChRs in neuronal and immune tissues. Accordingly, direct (central anti-apoptotic) and indirect (central and peripheral anti-inflammatory) neuroprotective effects of PAMs after ischemic and traumatic brain injury have been previously proposed [11, 12, 23, 25, 77] .
One limitation of this study is the use of relatively short (≤72 h) sub-chronic treatments. While four PNU treatments over the first 72 h completely eliminate early relapses 72 h after MCAO as compared to a single acute treatment (Figs. 3-5) , delayed relapses remained (see days 11-12; Fig. 7B ) indicating a lack of long-term efficacy in just under 50% of animals and the need for exploring increased treatment duration, administration frequency and/or PNU dose. These challenges will be The data point labeled by a green triangle was calculated from the cylinder test data obtained 24 h after MCAO using the correlation function (Fig. 3 , dashed line) and the same pool of rats euthanized and tested for infarct volumes 72 h after MCAO (green rhomb). Thus, sustained treatments (green dotted line) are required for sustained PNU efficacy because acute treatment (blue long-dashed line) does not produce sustained protection. The following abbreviation was used: * p < 0.05. Data are shown as mean ± SEM. addressed in our future studies as we are primarily interested in developing short neuroprotective strategies with long-lasting effects. Interestingly, in our pilot experiments (Fig. 7) , four PNU treatments (i.e., a combined therapy) given over the first 72 h after tMCAO (as illustrated in Fig. 1A ) significantly improved neurological function evaluated by a cylinder test between day 1 and day 24 after tMCAO as compared to animals treated with vehicle (Fig. 7C,D) . However, due to slow spontaneous recovery in the control group (Fig. 7A and C) , differences between the cylinder score in treatment (open circles) vs. vehicle (open squares) groups became insignificant on day 30 (Fig. 7C) . These pilot results warrant a thorough dedicated study to determine the minimal efficacious PNU treatment duration, administration frequency and/or dose that ensure permanent elimination of relapses. Once these parameters are determined, the next key step would be testing the same strategies in larger species such as rabbits and exploring the impact of other biological variables such as sex and age. These factors have not been explored in this study because of budgetary limitations.
In this study, we focused on the cylinder test because it cannot be learned by animals as it does not involve task performance. Thus, animal performance in the cylinder test reflects accumulation or vanishing of ipsilateral vs. contralateral (to the injury site) sensorimotor functions. Thus, it is highly unlikely that the observed slow spontaneous recovery ( Fig. 7A and C) reflects animal adaptation or learning. In fact, spontaneous recovery after ischemic and traumatic brain injury is not uncommon in rat models [83] [84] [85] [86] and presents a serious confounding factor which is more than capable of compromising the apparent efficacy of therapeutic compounds. The mechanisms of spontaneous recovery are unknown but may include synaptic plasticity within the sensorimotor cortex and/or injury-induced neuroprotection including activation of the cholinergic anti-inflammatory pathway [11] .
The apparent lack of recovery after relapses in the treatment group (i.e., Group 4) suggests critical differences between untreated injury and relapses. In the absence of treatment, to be effective, the spontaneous recovery mechanisms may require an early start after tMCAO. By contrast, if injury is treated in the first few hours after ischemic insult and as a result, its development in the first few days is inhibited or even eliminated (Fig. 7D) , the accelerated development of injury due to delayed relapses days after stroke may not induce spontaneous recovery perhaps, because the recovery mechanisms require activation in the first few hours after the initial ischemic insult. To test these hypotheses, a long-term study utilizing measurements of multiple outcomes including functional imaging would be required to compare the time courses of injury and neurological functions in untreated vs. treated but relapsed animals after tMCAO. One possible explanation to relapses in PNU treatment group (Group 4; Fig. 7D ) may be adverse reactions to a rapid PNU withdrawal. Nevertheless, the presented data support the central hypothesis of this study that extending duration of PNU treatment is therapeutically beneficial. However, to maximize therapeutic efficacy of sub-chronic PNU treatments and determine the minimal PNU treatment duration that ensures permanent elimination of relapses, a dedicated optimization study is required.
Another limitation of this study is that we did not determine the utility of PNU in combination with tissue plasminogen activator (tPA). Even if prolonged PNU treatments do not permanently eliminate relapses, PAMs may be effective as a therapeutic bridge to intra-arterial interventions (i.e., thrombolysis and thrombectomy): PAMs are expected to considerably reduce the time to treatment as treatments with PAMs may start immediately after the onset of AIS symptoms (e.g., at home or in the ambulance) because functional imaging is not required prior to PAM treatment. This possibility will be explored in our future studies.
Conclusion
This study determined that acute PAM regimens even if given early after AIS may only slow down the evolution of brain injury after AIS and fail as longer-term therapeutic solutions leading to relapses that may be misinterpreted for conceptual failures of cytoprotection. Extending PAM exposure by daily sub-chronic treatments extends therapeutic benefits of PAM. We conclude that both treatment delay and duration are critical factors that define therapeutic efficacy of PAM. These concepts may hold for other anti-inflammatory cytoprotectants found effective after AIS.
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